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Modeling and control of human-involved manufacturing systems poses a huge challenge on how to model all
possible interactions among system components within the time and space dimensions. As the manufacturing
environment are getting complicated, the importance of human in the manufacturing system is getting more and
more spotlighted to incorporate the manufacturing flexibility. This paper presents a formal modeling methodo-
logy of affordance-based MPSG (Message-based Part State Graph) for a human-machine collaboration system
incorporating supervisory control scheme for flexible manufacturing systems in automotive industry. Basically,
we intend to extend the existing model of affordance-based MPSG to the real industrial application of human-
machine cooperative environments. The suggested extension with the real industrial example is illustrated in
three steps; first, the manufacturing process and relevant data are analyzed in perspectives of MABA-MABA
and the supervisory control; second, the manufacturing processes and task allocation between human and
machine are mapped onto the concept of MABA-MABA; and the last, the affordance-based MPSG of human-
machine collaboration for the manufacturing process is presented with UMLs for verification.
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AN 2HE aHAO0E FHY 5 Qle A 2H o] & A3
gt 714 2t EA S o] 202 MABA-MABA, Supervisory
control, 18] 1 Affordance-based MPSG & 4718} .2} gt}

2.1 MABA-MABA ¢} Supervisory Control

MABA-MABA(Men are better at, Machines are better at)<
Fitts(1951)° &8 A& &% ﬂioi A} 71A1S FY
THE 8 A ZHA A4S Bulste] A 28
Alosd A g 2she g eolth okel ) <Figure 1> 9
7V A A 2 Eokoll M dE] 545 = MABA-MABAY]
s Qg Aot

Men are better at :
* Detecting small amounts of visual, auditory, or chemical energy
* Perceiving patterns of light or sound
* Improvising and using flexible procedures
* Storing information for long periods, and recalling appropriate parts
* Reasoning inductively

* Exercising judgment

Machines are better at :
* Responding quickly to control signals
* Applying great force smoothly and precisely
» Storing information briefly, erasing it completely
* Reasoning deductively

* Doing many complex operations at once

Figure 1. The Fitts MABA-MABA List, Abbreviated by Sheridan
(1995)

Sheridan(1995) 1t T4 9] A58 Al 2”& FA 3l
o], MABA-MABAE E&3 02 A 4317 9 & 714
£ AR, o & Fall Al2HY FANE #Y £ U
HAGAY G WS A A EAT. o9} FAI <
AAe A o2 % 14 2 BEFS Y FUES
st 71419 98 F9 =3 AA AT o] 3¢ MABA- MABA
716k AT Tl
I ALY ujx) P T FRE Yo o2 S *01 AI*E“
&5 9l A 28] HYY FYS AAlste v T4
3l nheo] ¥ 1 9l th(Dekker and Woods, 2002).

MABA-MABA S} 8, Al2="le] AAE 9sA e Alofo]
E(Supervisory Control) 71'd L3 7+ &= 91T}, Supervisory
control©] &, <Figure 2>} 7EL°] A2 S-goll A, Q7 A
A7E A28’ QoA Foj EA ) A5 S A9
g3t Al 22’7 2l {ah le* A AN2E AFED) ¥
&g v A& Ao B2& D3tk (Sheridan, 2012).
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Figure 2. Example for supervisor interaction with computer
(Sheridan, 2012)

<Figure 2> Supervisory control 2] o] M, AIZE-7FE] Al A
H Aol HE 4 AXAEY 45 4E-S H o] Erh(Sheridan,
2012). Supervisory control® A& Q17+ 2 247} 2453} A 25
Woll A EA o) Gt FA o] A A28 e =S 5ol
T ot7] g oll, Al 28l el o WSt} Ho] ol W thA 7}
7Heste] frdshal &A1 A 289 74 o] }%“3}‘:}

5, A-71A @ A2"e A9 7]E-LE, Supervisory
A S MABA-MABA 714t QIZE71A] 7159
il 2t & ¢ S Aol o] 27 dd A =El o A
AL HslA e, A dud A-71A E A 2’9 5+
mdo] Fadtd, HAF A Y ATE A 22484 AAE A
otz et

control 73 &

2.2 o] A 7]uk9] MPSG(Message-based Part State Graphs)

MPSG & Al 2A| 28 9] 2535 &85 3, WAl A 719k
EAzALEY FHE 23 B3 22Y WY F sk
o] t}(Smith, Joshi, and Qiu, 2003). MPSG% o) L Evte}
(Finite State Automata; FSA)7]¥FO. 2 8o, +

(2%, CNC HAHEY 75 BHE 45 34 & + e
Mealy Machine JEjo] Zd&g Z# )9 F o] th(Smith et al,
2003). 27] MPSG+ A A7 12 5 A & A3} A 28

SAAYE AT Bdo| o, A28 LS A8l 8719 7 &
(tuple)Z T4 H Ak, BHAIRE, AZF A QA A2 A 2H Y
NA P Az ALE 9] FEHEo kol

ol FZHHA, & AYAet B E 2
AHE 312 Shin er al.(2006) &7 MPSG B2 & o} g 9} 7o)
Al Qkat gt
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(Qv qthE Fy, Xp Ap, P, g ’YE)

X, 1s a finite set of controller events such that X, =% U X,

where X, is a set of messages for a machine operation and X,

is a set of input alphabets associated with human actions;

@ s a finite, non-empty set of states such that @= @,, < L
x I(p), where a st of state, @, is the set of states of the
original MPSG comptroller;

¢y is an initial state such that an element of ¢- < Q;

FOX X —Q;

v 1s acontroller action transition function such that ~,

QX Xy —Ay

0 1s a state transition function such that &,

Fy, s aset of final (accepting) states such that £, < @;

L isasetof all physical locations in the system;

I(p) is an indicator function of interaction status with a human. If
a human is directly dealing with a part p, I(p) =1,
otherwise, I(p) =0;

is a finite set of controller actions and human actions
such that A, = A U {actions caused by human activities};
and

P, is a set of physical preconditions for an action such that

173 MPSG B, 53 A28 4] 217t Al
= & BAHH O Aof A2

o] obd & of | et
GA 71T ukek 2ol AZE-7A A A 28 o] BA 9 &
45 9314 MABA-MABA 9} Supervisory Control] 7]'d ]
T Ay 2E Wo] P Qs o] @ o] f-2, Kim et al.
2010) A AHE MPSG Ul 5ol 21844 31, <Figure 3>}
2ol &4 MPSGE o £ 2ol 7R QA7 A¢dAt RS &
FABk] oJZH 2~ 7 MPSGE lf& sttt @VW, o
Edi%h A-874 & A zglelA R H =, AzE ¢
£(F5)S s Bagh d7go] Q17 ]71] xﬂ-g
0]1}; A o F tH(Gibson, 2013). A ZTH 2= —‘—573], A2}
Hoj 2 YAl 5o GGl del AHEE L 9lew, o
o] &3t Q7k-3 A4 A AH Ay nd xg A F7}) Ak
Eo] oo]HE 7|uk Al EH M REE AEHIE ST
(Joo et al., 2013).
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Extended MPSG Controller

Current State
Generate
Process Plans
Retrieve
The next transition|

Yes Absorbing State,
The part is taken
Logically Automatic
Valld? Recovered?
Yes

from the system
Analyze
No Human capability
. Yes
Action

By machines Generate Generate

Set of System ~ ——>+ +€—— Human Capable
Affordances, X \l/ Actions, Z
No
Next State

Figure 3. Control flow of human-involved automated system with
consideration of affordances(Kim et al., 2010)

Boolean operator Human action generator

o] e~ 7k 84 MPSG B2, 7| E9] 34 MPSG 2
ol A, MABA-MABA] thgt 17+e] AAHH 7]4H9] Super-
visory Control & 7Fg A 8t7] 918) 47kA] FEo] F7HE 3
o 2o A5 Ql £ -2 obef & ZTh(Kim e al., 2010).

M= < Qva)EvFE X Ap Py by v X, 2, J, W>,
where the definitions of the components are as follows :
* J s ajuxtaposition function such that .J: X X Z— W,
* X isaset of affordances,
* Z is aset of effectivities(human capable actions),
* W is a set of possible human actions,

where;

J(‘T(p7 l)a Z(p7 l)) =W

1) ife,z, =0
J(X2) ity =1

where;,
ToZe X pick_p_from_l,
J(X, Z) = { w323 X move_p_from_l,_to_l, } — {0}

x 42, X put_p_on_l,

lcLzlp,)EX, 2(pl)EZ

x(p. 1) =x(p,(1,1,))
= (a location set (1,1,) is accessible, part p’ is pick-
able at {, , part ‘p’ is movable from , to [,, part
‘p’ is putable on [,),

z(p, 1) = z(p, (1)1,))
= (access to a location set (,1,), pick the part ‘p’ at
l,, move the part ‘p’ from [, to [,, put the part ‘p’
on l,)’

d 1s a state transition function such that

dp 1 QX Xp—Q, where;

(v, 1, (p)), a, W) =6,,(v, a), 1,0)
if a&X), (byaMH)

5p((v, 1, [(p)), a, W) =6,((v, I, I(p)), a, W)
if a€ Wc Yy (by ahuman)

5p((v, 1, K(p)), a; W) = (v, I, I(p)),
if a& WC Xy (no transition),

where §,,1s a state transition function by automated MHs (robots)
and 4, is a state transition function by a human material handler,

and all other definitions of tuples are the same as those of A%,

d( )% 41 MABA-MABA 7]%9F Supervisory Control <
A AYGAe A5 7] 3l AHEE X3, Z(71A),
JCEA ), WRIZEZ1A A QA28 o 4744 FE32 o
U2 o] 28 7ko g Ao HYTh o ZW A& Gibson(2013)
o] 93l 1969 ol A5 A H o] %, Turvey(1992)°l o} 8} 48
Ao g Aystd meojnt AN 2E YolA 2fAe dF, S
A 2E o] A Aol 7} Ay 8t7] 913 A=, Supervisory Control
S ¢k AFH 27 (pre-condition) !, WH-(ATE AA] AHel) Ao
7k Ay 8| of G}, of LE A(affordance; 373 SA41-8H73 0] 17t
A A A Al Fohe B frEAAR) Sk o] H B HI B (effectivity;
A7 EA- A7 AGATL 7HA = B E 7He ) 2RO R 74
U dH dole Y 2 vddlA S4420 EAS G
g =23 Ao Qizto]l A8 7hedt P50l B Algitel
DA @ A=E Ao "ot &, U A1 4] MABA-MABA
of tfgk ek} Supervisory Control S ¢ A A Al 28 &&
Zefoll ok Aokl whe Wi e vt 2 EE, 1 W 3
© A28 Hol & 8 AA 2702 AHE-E &= Aol
o] &=l A= MABA-MABA$} Supervisory Control 7l'd-&
A 7 7hsd ol 2d 2 7)ke] &4 MPSG ZE S A A
A zA 28 Ao &8 9 FAste] Bzt gt o] 23
MdE, &5 B4 ook Az @704 E3H0 A 2E Y
LB AT A ZH YR 4TS S 0 Z 7| H T

ol o

o

3. AZA 2 W] A7-71A FY = 9N A

X2 71 MPSG BE & ¥HE7] SJal, 1A, 71E9 A5
8} A| 28-S 4Ms(Man, Machine, Material, Method)®} MABA-
MABA O|2& HIE O 2 § X2 A2~ & B451a &9 A7
Fote Aol Basith e A MR A A S T 9
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MCE Kim et al.(2010)7} A Qg o] 2R 2 7|7 MPSG B2 &
7189 2 31, Supervisory control & A AbE] H&-S Sl
A A C(p) & F7isith I md o AL ofg 9} 2}

MC=<Q ¢, Fy, Yy, Ap. P 0y, v X, Z, J, W>,

@ s a finite, non-empty set of states such that Q= @,,

X Lx I(p) x C(p), where a set of state, @,, is the set
of states of the original MPSG comptroller;

C(p) is an indicator function of interaction status with a hu-

man and robot. If a human and a robot are dealing with a

part, C(p) =1, otherwise, C(p) =0;

XNZ=2ao

Yes

Absorbing State,

Logically No Automatically
Valid? Recovered?
Analyze Generate Human
Yes No Human capability Capable Actions, Z
Action Generate Set of &mi-Automatica
By machines System Affordances. X Recovered?
Generate restricted
Process Plans
No l
Action By Logically Retrieve
Human & machines Valid? The next transition
No
Next State

The part is taken
From the system

Figure 4. Control flow of human-involved automated system
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Figure 8. Application model of Affordance-based MPSG
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